The conservation and restoration of native vegetation is vital for providing key hydrological services (i.e., maintaining high water quality, atmospheric humidity, and precipitation patterns). However, this research area lacks fine-scale studies at the watershed level to evaluate opportunities for forest restoration and deficit (the shortfall of forest required to be restored or compensated), as well as the implications for watershed management. We provide the first fine-scale estimation of forest and deficit distribution, integrating permanent preservation areas (APPs, in Portuguese) and legal reserves (RL, in Portuguese), according to Brazilian environmental law, for the 41,300 km 2 Itacaiúnas watershed in the Brazilian state of Pará, which has lost 50% of its vegetation cover. Using 30 mand 10 m-resolution imagery, a multi-temporal land use classification was performed by geographic object-based image analysis (GEOBIA). The results were combined with a set of Brazilian regulations on the conservation and restoration of APPs and RL to assess patterns of forest cover and legal compliance. We found that the total RL deficit (4383 km 2 ) was higher than the total forest surplus (above legal obligation) (3241 km 2 ). However, most of this deficit (56%) could be compensated by protecting a forest area in another property within the Amazon biome, while 44% must be legally restored. Only 4% of the total forest surplus can be legally deforested, and the remaining 96% is already protected by law but can be used to compensate for areas under the deficit. We also found that, despite 57% (3017 km 2 ) of the total APP being forested, only 26% (1356 km 2 ) of the APP must be restored and 17% (881 km 2 ) can remain deforested (consolidated areas). The 2012 law revision reduced the obligation to restore RL and APPs. This change could affect hydrological and ecological services. Compensation mechanisms could be used to protect forest within the Itacaiúnas watershed, rather than in the biome, to reduce further deforestation pressure.
Introduction
Forest restoration actions are necessary to improve water quality and regulate water quantity [1, 2] . Deforestation reduces evapotranspiration and infiltration and, consequently, increases runoff [3] [4] [5] and reduces water flow into the atmosphere [6] . Forest maintenance reduces fire risk [7] , in addition to fulfilling an important role in atmospheric humidity flow and precipitation patterns. For this reason, landscape characteristics, such as the distance to water bodies, elevation, and slope, which affect water deforested (consolidated area)? (iii) what proportion of RL deficit can be compensated or restored? (iv) what proportion of the RL surplus can be deforested or used for compensation? The results are discussed in terms of the implications for watershed management, CFB implementation and public policy.
Materials and Methods

Study Area
The BHRI is located in the southeastern state of Pará, in the Brazilian Amazon, with an area of approximately 41,300 km 2 , equivalent to the size of Switzerland (Figure 1 ). The predominant vegetation in this region is tropical forest, with patches of ferruginous fields (savanna) in the highest areas. Much of the remnant vegetation in the watershed (~60%) is located within a mosaic of protected areas with an area of 12,000 km 2 , formed by indigenous land and conservation units (Figure 1 ). The mosaic of protected areas located to the west of the BHRI is monitored by the Brazilian Institute for Biodiversity Conservation (ICMBio).
The watershed is located in the Amazonian Deforestation Arc, and 50% of its area was deforested between 1970 and 2017, mainly due to cattle ranching activities in the region [18] . The main cause of forest conversion in this region is associated with constructing unofficial roads to establish agrarian reform settlements and pastures, which also facilitate selective logging in southeastern Amazonia [19, 20] . In addition to cattle farming, the BHRI has mining activities of large economic importance, initiated in the mid-1970s as part of a Brazilian government strategy that planned and implemented large development projects such as mining, hydroelectric power plants and ports for mineral export [21] . Mining expanded mainly in the Carajás National Forest and surrounding areas in the early 1980s [18] . The watershed is located in the Amazonian Deforestation Arc, and 50% of its area was deforested between 1970 and 2017, mainly due to cattle ranching activities in the region [18] . The main cause of forest conversion in this region is associated with constructing unofficial roads to establish agrarian reform settlements and pastures, which also facilitate selective logging in southeastern Amazonia [19, 20] . In addition to cattle farming, the BHRI has mining activities of large economic importance, initiated in the mid-1970s as part of a Brazilian government strategy that planned and implemented large development projects such as mining, hydroelectric power plants and ports for mineral export [21] . Mining expanded mainly in the Carajás National Forest and surrounding areas in the early 1980s [18] . The BHRI has an average annual precipitation of 1792 mm/year, with strong seasonality, and an average annual flow of 476 mm/year [22] . The removal of water to meet the population demand corresponds to only 0.4% of the average watershed discharge [23] . Since the 1970s, the region has had a largely reduced forest cover and a tendency towards increased temperature and reduced relative air humidity [24] . Due to land use changes, a significant increase in mean, maximum and minimum flows was observed in the same period [22] . This impact would be greater if forests were not maintained in protected areas [25] .
The BHRI is comprised of 39% (16,090 km 2 ) rural properties registered in the Environmental Rural Property Registry (Cadastro Ambiental Rural-CAR) as of 2017, with 21% considered small properties (≤4 fiscal modules-FM, according to Federal Law no. 8629, 25 February 1993), 24% medium properties (>4 to15 FM) and 55% large rural properties (>15 FM) (Figure 2 ). The protected areas (conservation units and indigenous lands) occupy 29% (12,012 km 2 ) of the watershed, and the agrarian reform settlements (sets of small rural properties created by the National Institute for Colonization and Agrarian Reform-Incra for low-income families) occupy 19% (7985 km 2 ). The remaining 13% (5255 km 2 ) corresponds to other types of occupation (urban areas, private properties not registered in the CAR or public lands with no clear designation). Importantly, the form of land occupation (e.g., different rural property sizes) directly influences the determination of RL and APP protection and restoration rules. The BHRI has an average annual precipitation of 1792 mm/year, with strong seasonality, and an average annual flow of 476 mm/year [22] . The removal of water to meet the population demand corresponds to only 0.4% of the average watershed discharge [23] . Since the 1970s, the region has had a largely reduced forest cover and a tendency towards increased temperature and reduced relative air humidity [24] . Due to land use changes, a significant increase in mean, maximum and minimum flows was observed in the same period [22] . This impact would be greater if forests were not maintained in protected areas [25] .
The BHRI is comprised of 39% (16,090 km 2 ) rural properties registered in the Environmental Rural Property Registry (Cadastro Ambiental Rural-CAR) as of 2017, with 21% considered small properties (≤4 fiscal modules-FM, according to Federal Law no. 8629, 25 February 1993), 24% medium properties (>4 to15 FM) and 55% large rural properties (>15 FM) (Figure 2 ). The protected areas (conservation units and indigenous lands) occupy 29% (12,012 km 2 ) of the watershed, and the agrarian reform settlements (sets of small rural properties created by the National Institute for Colonization and Agrarian Reform-Incra for low-income families) occupy 19% (7985 km 2 ). The remaining 13% (5255 km 2 ) corresponds to other types of occupation (urban areas, private properties not registered in the CAR or public lands with no clear designation). Importantly, the form of land occupation (e.g., different rural property sizes) directly influences the determination of RL and APP protection and restoration rules. 
Datasets
To estimate the required forest restoration areas in the BHRI, we used a secondary geographic database (agrarian reform settlements from Incra), protected areas from ICMBio, CAR from the Pará State Secretariat of Environment and Sustainability-SEMAS, and primary sediment yields produced 
To estimate the required forest restoration areas in the BHRI, we used a secondary geographic database (agrarian reform settlements from Incra), protected areas from ICMBio, CAR from the Pará State Secretariat of Environment and Sustainability-SEMAS, and primary sediment yields produced by the Instituto Tecnológico Vale (ITV) (classification of land cover, water bodies, and rivers based on satellite images and a digital elevation model-DEM) ( Table 1) . An analytical framework was applied to characterize the distribution of APPs and RL across the BHRI, as summarized in Figure 3 and described in detail in the following sections.
by the Instituto Tecnológico Vale (ITV) (classification of land cover, water bodies, and rivers based on satellite images and a digital elevation model-DEM) ( Table 1) . An analytical framework was applied to characterize the distribution of APPs and RL across the BHRI, as summarized in Figure 3 and described in detail in the following sections. 
Land Cover Classification
The mapping of the watershed land cover was performed based on the geographic object-based analysis approach (GEOBIA) for the classification of multi-temporal data [24, 26] . The classification approach based on GEOBIA allows an increased perception of the elements of an image through an analysis that exceeds the digital pixel value. Thus, the pixels are grouped (segments) forming geographic objects, i.e., segments can be analyzed together through the relations of brightness, shape, neighborhood, and distance, allowing more accurate representation of real-world elements. Both the classification methodology and digital image processing are described in detail in the works of SouzaFilho et al., 2016, 2018 [18, 24] . The land cover classes used in this study were deforestation, forest, mining, ferruginous fields (savanna) and water.
We estimated the amount of deforestation after 2008 (legal CFB framework) based on the years 2008, 2013, and 2017; primary forest cover and vegetation regeneration using the years 1973, 1984, 1994, 2004, 2008, 2013, and 2017 ; and the current land cover based on the 2017 image. Primary forest 
The mapping of the watershed land cover was performed based on the geographic object-based analysis approach (GEOBIA) for the classification of multi-temporal data [24, 26] . The classification approach based on GEOBIA allows an increased perception of the elements of an image through an analysis that exceeds the digital pixel value. Thus, the pixels are grouped (segments) forming geographic objects, i.e., segments can be analyzed together through the relations of brightness, shape, neighborhood, and distance, allowing more accurate representation of real-world elements. Both the classification methodology and digital image processing are described in detail in the works of Souza-Filho et al., 2016, 2018 [18, 24] . The land cover classes used in this study were deforestation, forest, mining, ferruginous fields (savanna) and water.
We estimated the amount of deforestation after 2008 (legal CFB framework) based on the years 2008, 2013, and 2017; primary forest cover and vegetation regeneration using the years 1973, 1984, 1994, 2004, 2008, 2013 , and 2017; and the current land cover based on the 2017 image. Primary forest was determined by the absence of deforestation throughout the entire historical series. Regeneration was determined by vegetation cleared in the time series but was detected as forest in the current land cover (2017). 
Legal Reserve Analysis
The main goal of this analysis was to estimate the RL deficit of rural properties, the surplus that can be used to compensate for illegal deforestation, and the surplus that can still be deforested in the BHRI according to the national legislation. We analyzed 5036 properties registered in the CAR and 119 Incra agrarian reform settlements, totaling 5155 properties registered in the BHRI. The regulations applied to the settlements were the same as those for small rural properties. As the RL is estimated based on rural property boundaries, the protected areas were excluded from this analysis, with the exception of environmental protection areas (APA), which allow rural properties. The following steps were performed:
(i) reduction of the overlap between rural properties to avoid double counting; (ii) definition of the RL percentage for each property, according to the CFB (Law no. 12651, 25 May 2012). In the BHRI, the RL corresponds to 80% of the property area, as this land is located in a forest area of the Brazilian Amazon. However, for restoration purposes, the RL can be reduced down to 50% in the watershed municipalities due to the percentage of conservation units and the existence of ecological-economic zoning. In small holdings, the RL corresponds to the native vegetation area on 22 July 2008; (iii) deficit estimation (areas that need to be restored or compensated), the surplus for compensation (areas that can be used to compensate for illegal deforestation but cannot be deforested), and the deforestable surplus (forest areas covering over 80% of the property, which can be deforested) of the properties based on the land cover history and property size, according to the legislation.
As allowed by the CFB, APPs that have native vegetation cover or are in the process of regeneration were accounted for in RL determination. This allowance is possible as long as it does not involve deforesting new areas for properties with less than 80% native vegetation (conserved or recovering) and does not change the use of the APP. Part of the methodology for RL analysis was based on studies of compensating for past deforestation [27] .
Permanent Preservation Areas Analysis
APP Definitions
APPs were mapped throughout the watershed (protected and private areas). Riparian APPs were mapped (springs surrounding, rivers, lakes, and dams), along with APPs with slopes greater than 45 • and hilltops. The other APP types required in the CFB are not present in the study area.
Riparian APPs:
The linear drainage network (rivers up to 10 m in width) was automatically extracted from the hydrologically corrected Digital Elevation Model (DEM) ALOS PALSAR. The depression removal method was a modified heuristic search [28] using IPH-Hydro Tools software (https://www.ufrgs.br/ hge/modelos-e-others-produtos/iph-hydro-tools/) with a minimum drainage area of approximately 1.5 hectares for the beginning of the drainage network. The drainage network obtained with this method was better suited to the Sentinel-2A images than the other methods tested (heuristic search and priority-first search). Correction of the line vector file was performed manually with visual analysis using the Sentinel-2A image mosaic from 2017, especially within forest fragments and for adjusting the beginning of the drainage network to the visualization of the drainage channel. Larger water bodies (rivers, lakes, and dams over 10 m wide) were extracted from the classification of Sentinel-2A images from 2017 and all mapped as polygons.
Subsequently, the APPs were mapped around the rivers, lakes, dams and springs, according to the environmental legislation (Table 2 ). Due to limitations in the mapping scale, we assumed the following: (i) all rivers mapped as "lines" were less than 10 m wide, as it was not possible to measure the width of these rivers due to mapping resolution; (ii) the rivers mapped as polygons were divided into orders according to river width classes to define the width of the APPs from the river edges; (iii) as it was not possible to automatically distinguish natural lakes from dams, all water bodies were treated as dams because the latter represented the vast majority of identified features (> 95%). In these cases, the APP defined for water bodies above 1 ha was 15 m, according to previous legislation by the National Environment Council (CONAMA Resolution 302, 2002), since the CFB does not establish an APP width for dams. In areas with water bodies smaller than 1 ha, there is no APP, according to the CFB; (iv) in protected areas and other large fragments of dense forest, where it was not possible to visualize the drainage network in the Sentinel-2A image, the drainage network was maintained, including the springs, generated automatically as previously described. Slope areas greater than 45 • were calculated from the hydraulically corrected DEM. To determine the hilltop APPs, we initially determined the maximum altitude, base altitude (closest saddle point elevation), height (maximum altitude minus base altitude), and slope of all elevations. As defined in the CFB, these APPs were defined as areas delimited by the level curve corresponding to 2/3 of the minimum height only for hilltops with a minimum height of 100 m and mean inclination greater than 25 • .
Defining APP Deficits
According to Brazilian environmental legislation, the riparian APP width that needs to be restored depends on the property size, when the deforestation occurred and the type and size of the watercourse. Thus, we defined four main types of APPs: (i) total APP (sum of the entire APP area); (ii) APPs with native vegetation (do not need to be recovered and only low impact activities (e.g., ecotourism) are allowed); (iii) consolidated APPs (APPs deforested before 22 July 2008, which do not need to be recovered), where the continuity of agroforestry activities is permitted; and (iv) APPs to be restored, which includes all APPs deforested after 22 July 2008 and marginal strips surrounding water bodies with the width dependent on the water body type and property size (Table 3) .
For APPs with slopes greater than 45 • and for hilltops, the legislation does not establish an obligation to restore areas deforested before 22 July 2008, only those deforested after this date.
As the definition of riparian APPs to be restored depends on the property size, in areas without rural properties, we assumed the APP requires restoration of properties from 4 to 10 FM. This determination occurred because the basin is dominated by medium and large properties (79%). 
Results
Land Cover Classification
The total classification mapped in 2017 corresponds to 51.1% (21,113 km 2 ) of the watershed. The forest covers 48.1% (19,899 km 2 ) of the area; mining, 0.3% (120 km 2 ); water, 0.3% (107 km 2 ), and savanna, 0.2% (102 km 2 ) (Figure 4) . Considering a scenario without protected areas, the remaining area would have only 27% (7887 km 2 ) forest (forest fragments) and 68% (20,000 km 2 ) deforested area, showing the advancing deforestation outside the protected areas. The total deforestation identified after 2008 reached 2381 km 2 , which represents 11% of the deforested area throughout the BHRI. As the definition of riparian APPs to be restored depends on the property size, in areas without rural properties, we assumed the APP requires restoration of properties from 4 to 10 FM. This determination occurred because the basin is dominated by medium and large properties (79%).
Results
Land Cover Classification
The total classification mapped in 2017 corresponds to 51.1% (21,113 km 2 ) of the watershed. The forest covers 48.1% (19,899 km 2 ) of the area; mining, 0.3% (120 km 2 ); water, 0.3% (107 km 2 ), and savanna, 0.2% (102 km 2 ) (Figure 4) . Considering a scenario without protected areas, the remaining area would have only 27% (7887 km 2 ) forest (forest fragments) and 68% (20,000 km 2 ) deforested area, showing the advancing deforestation outside the protected areas. The total deforestation identified after 2008 reached 2381 km 2 , which represents 11% of the deforested area throughout the BHRI. From the total forests area in 2017 (19,899 km 2 ), 83% (16,516 km 2 ) are composed of primary forest and 17% (3383 km 2 ) of regeneration (Figure 4) . Considering the watershed without the protected areas, the primary forest would cover an area of 4500 km 2 (15%), and regeneration an area of approximately 3000 km 2 (10%). This is because much of the primary vegetation is located within protected areas, while almost all of the regeneration is located outside of these protected areas.
Legal Reserve Analysis
The total RL deficit estimated for the BHRI was 4383 km 2 (corresponding to 21% of the watershed deforestation), with 56% (2456 km 2 ) composed of deficit that can be compensated anywhere in the Amazon biome and 44% (1926 km 2 ) via forest restoration (corresponding to 9% of the watershed deforestation) where the deforestation occurred. This area that needs to be restored is related to deforestation in RL after 22 July 2008 or the deforestation over 50% of medium and large properties, which must be restored to 50% of the property, as defined in the CFB. Most of the total deficit (60%) are in the property class that has between 27 and 54% deficit; 39% of the deficit are in the property class with 0 to 27% deficit, and only 1% of the deficit are in properties with 54 to 80% deficit ( Figures 5 and 6 ). From the total forests area in 2017 (19,899 km 2 ), 83% (16,516 km 2 ) are composed of primary forest and 17% (3383 km 2 ) of regeneration ( Figure 4 ). Considering the watershed without the protected areas, the primary forest would cover an area of 4500 km 2 (15%), and regeneration an area of approximately 3000 km 2 (10%). This is because much of the primary vegetation is located within protected areas, while almost all of the regeneration is located outside of these protected areas.
The total RL deficit estimated for the BHRI was 4383 km 2 (corresponding to 21% of the watershed deforestation), with 56% (2456 km 2 ) composed of deficit that can be compensated anywhere in the Amazon biome and 44% (1926 km 2 ) via forest restoration (corresponding to 9% of the watershed deforestation) where the deforestation occurred. This area that needs to be restored is related to deforestation in RL after 22 July 2008 or the deforestation over 50% of medium and large properties, which must be restored to 50% of the property, as defined in the CFB. Most of the total deficit (60%) are in the property class that has between 27 and 54% deficit; 39% of the deficit are in the property class with 0 to 27% deficit, and only 1% of the deficit are in properties with 54 to 80% deficit ( Figures 5 and 6 ). The total forest surplus in the watershed was 3241 km 2 , with 96% (3120 km 2 ) consisting of surplus that can be used to compensate for illegal deforestation (and cannot be deforested) and 4% (121 km 2 ) of forest surplus that can be deforested (in properties with a percentage of forest greater than 80%). Of the total forest that can be deforested, 39% (47 km 2 ) became susceptible to deforestation due to the calculation of APPs in RL (Figures 6 and 7) . The total forest surplus in the watershed was 3241 km 2 , with 96% (3120 km 2 ) consisting of surplus that can be used to compensate for illegal deforestation (and cannot be deforested) and 4% (121 km 2 ) of forest surplus that can be deforested (in properties with a percentage of forest greater than 80%). Of the total forest that can be deforested, 39% (47 km 2 ) became susceptible to deforestation due to the calculation of APPs in RL (Figures 6 and 7) .
This scenario was expected because the CFB allows all the forest cover on small properties and the forest above 50% of medium and large properties to be used for compensation. This allowance explains the large difference between the surplus for compensation and the deforestable surplus. A large part of the total surplus (64%) is located on properties with 0 to 34% surplus; 30% of the surplus is on properties with 34 to 68% surplus, and only 6% of the surplus is on properties with 68 to 100% surplus (Figures 6 and 7) . The total forest surplus in the watershed was 3241 km 2 , with 96% (3120 km 2 ) consisting of surplus that can be used to compensate for illegal deforestation (and cannot be deforested) and 4% (121 km 2 ) of forest surplus that can be deforested (in properties with a percentage of forest greater than 80%). Of the total forest that can be deforested, 39% (47 km 2 ) became susceptible to deforestation due to the calculation of APPs in RL (Figures 6 and 7) .
This scenario was expected because the CFB allows all the forest cover on small properties and the forest above 50% of medium and large properties to be used for compensation. This allowance explains the large difference between the surplus for compensation and the deforestable surplus. A large part of the total surplus (64%) is located on properties with 0 to 34% surplus; 30% of the surplus is on properties with 34 to 68% surplus, and only 6% of the surplus is on properties with 68 to 100% surplus (Figures 6 and 7) . This scenario was expected because the CFB allows all the forest cover on small properties and the forest above 50% of medium and large properties to be used for compensation. This allowance explains the large difference between the surplus for compensation and the deforestable surplus. A large part of the total surplus (64%) is located on properties with 0 to 34% surplus; 30% of the surplus is on properties with 34 to 68% surplus, and only 6% of the surplus is on properties with 68 to 100% surplus (Figures 6 and 7) .
When analyzing the RL balance in the watershed, the total deficit is greater than the total surplus, with a difference of 1142 km 2 . However, a large part of the deficit (56%, or 2456 km 2 ) can be resolved through compensation, of which there is 3120 km 2 available within the watershed (surplus for compensation). The remaining deficit (1927 km 2 ) must be restored because this area was deforested after 22 July 2018. The deforestable surplus can also be used for compensation, but this is optional (Figure 6 ).
Permanent Preservation Area Analysis
The BHRI has a total estimated APP of 5254 km 2 (13% of the watershed area), with more than half (57% or 3017 km 2 ) composed of forests; 26% (1356 km 2 ) of areas that need to be restored, and 17% (881 km 2 ) of consolidated areas (which were deforested and do not need to be recovered) (Figures 8  and 9 , Table 4 ). The forest and deficit distribution is related to the land use history. The consolidated APPs are located throughout the deforested region, which is part of an old deforestation frontier in the Amazon (deforestation arc); and the APPs to be restored are located in isolated areas, where the more recent deforestation (after 22 July 2008) advanced and where the forested area was below the legal limit ( Figure 9 (Figure 6 ).
The BHRI has a total estimated APP of 5254 km 2 (13% of the watershed area), with more than half (57% or 3017 km 2 ) composed of forests; 26% (1356 km 2 ) of areas that need to be restored, and 17% (881 km 2 ) of consolidated areas (which were deforested and do not need to be recovered) (Figures 8  and 9 , Table 4 ). The forest and deficit distribution is related to the land use history. The consolidated APPs are located throughout the deforested region, which is part of an old deforestation frontier in the Amazon (deforestation arc); and the APPs to be restored are located in isolated areas, where the more recent deforestation (after 22 July 2008) advanced and where the forested area was below the legal limit (Figure 9) .
The APP type with the largest area in the watershed (93% of the total APP) was the APPs along rivers and dams (Table 4) due to the 81,389 km of rivers mapped in the BHRI, corresponding to a drainage density of 1.97 km / km 2 . This APP type corresponds to 99% of the BHRI APPs that need to be restored and 81% of consolidated APP. APPs around the springs alone have an area equivalent to 15% of the total APP in the BHRI and 34% of the consolidated APP. APPs on hilltops and slopes greater than 45° are approximately 1.5 km 2 each, with less importance in the BHRI context (0.3%). The APP type with the largest area in the watershed (93% of the total APP) was the APPs along rivers and dams (Table 4) due to the 81,389 km of rivers mapped in the BHRI, corresponding to a drainage density of 1.97 km / km 2 . This APP type corresponds to 99% of the BHRI APPs that need to be restored and 81% of consolidated APP. APPs around the springs alone have an area equivalent to 15% of the total APP in the BHRI and 34% of the consolidated APP. APPs on hilltops and slopes greater than 45 • are approximately 1.5 km 2 each, with less importance in the BHRI context (0.3%).
Thus, the total watershed area that needs to be legally restored is 3283 km 2 (11% of the total watershed without protected areas), with 59% in RL and 41% in APPs. The total area that is deforested and does not need to be restored is 3337 km 2 , with 74% in RL (RL to be compensated) and 26% in consolidated APPs. Thus, the total watershed area that needs to be legally restored is 3283 km 2 (11% of the total watershed without protected areas), with 59% in RL and 41% in APPs. The total area that is deforested and does not need to be restored is 3337 km 2 , with 74% in RL (RL to be compensated) and 26% in consolidated APPs.
Discussion
Implications for Itacaiúnas Watershed Management
In the BHRI, 57% of the APPs were preserved. This was mainly due to the mosaic of protected areas, concentrated in the western watershed. In terms of landscape planning, restoration actions were necessary mainly in the eastern region, which has been highly fragmented since the 1980s, when deforestation began to expand in the region. Intensive soil disturbance can reduce water infiltration and aquifer recharge [29] , with consequences for water availability to plants and flows during the dry season. In this region, there are also rivers with floodplains, excluded from the APPs by the 2012 CFB revision [30] . The occupation of these areas can aggravate the impact of local floods. Legal reserve areas and priority areas for reforestation can be defined to improve the protection of 
Discussion
Implications for Itacaiúnas Watershed Management
In the BHRI, 57% of the APPs were preserved. This was mainly due to the mosaic of protected areas, concentrated in the western watershed. In terms of landscape planning, restoration actions were necessary mainly in the eastern region, which has been highly fragmented since the 1980s, when deforestation began to expand in the region. Intensive soil disturbance can reduce water infiltration and aquifer recharge [29] , with consequences for water availability to plants and flows during the dry season. In this region, there are also rivers with floodplains, excluded from the APPs by the 2012 CFB revision [30] . The occupation of these areas can aggravate the impact of local floods. Legal reserve areas and priority areas for reforestation can be defined to improve the protection of hydrological services [31] , using information such as soil moisture indices and erosion risk. In the western region, deforestation in the areas upstream of conservation units significantly altered the river flow within the conservation units, with possible impacts on water quality and aquatic ecosystems [25] . Restoring APP and RL areas and adopting good agricultural practices can reduce this impact.
The CFB changes reduced the total area of APPs and RL that need to be restored. The APPs on hilltops in the BHRI determined by a previous legislation (CONAMA Resolution 303, 2002 [32,33] ) total 3512 km 2 , but the current legislation requires only 15 km 2 of protection. However, the possible impact of this change on the control of aquifer erosion and recharge was not significant within the BHRI because most of these areas are located in conservation units. Nevertheless, the need to restore only 15 m of the 50 m around springs alone generates a 91% reduction in areas to be restored in this type of APP deforested before 2008. This change was reflected in the higher percentage of consolidated APPs found for this APP type (34% of the total consolidated APPs), as shown in Table 4 . The reduced width of up to 5 m that need to be restored around rivers (in the case of properties up to 1 FM) was considered insufficient for maintaining ecosystem services [34] [35] [36] .
Despite the changes mentioned in the CFB, 8% of the BHRI needs to be restored. The restoration of riparian areas should have positive impacts on water quality and channel stability [28] . The impact on river flow, however, is more controversial due to the time needed to reach a new balance and since rivers depend on land use throughout the watershed, among other variables [37, 38] .
Implications for Implementing the Forest Code and Public Policies
This analysis has four important implications for implementing the CFB and public policies for RL restoration and compensation [27] : (i) the surplus available in the watershed is sufficient to resolve the deficit that can be compensated for within the watershed itself, without using other more distant areas within the biome, as the CFB suggests; (ii) considering that the compensation-only surplus is already protected by law and cannot be deforested, the true environmental additionality would be using the compensation mechanisms to protect the surplus that can still be deforested; (iii) we showed that more than half of the BHRI is deforested, which implies that there is no need for new forest conversion to increase production, as demonstrated by Strassburg et al., 2014 [32] . The same findings were found for the Brazilian Amazon as a whole [32] , where there are more than 10 million ha of degraded and underused lands [33] ; (iv) even if the demand for compensation is greater than the demand for RL restoration, more incentives are required to restore priority areas, such as those that are highly fragmented or important for endemic biodiversity. However, the revised legislation further increased the possibility of deforesting new areas: the calculation of APPs in RL resulted in a 38% increase in the area likely to be deforested.
For the APPs around rivers, lakes, and dams, we found that the area to be restored was almost twice the size of the areas that were deforested and did not need to be recovered (consolidated), unlike the results found for Pará state [39] , in which the consolidated area was six times greater than the area to be recovered. This is because this state presents an old occupation frontier and more than half of its territory is protected. However, some regions are more critical (e.g., the southeast) and have a different pattern than the rest of the state.
APPs around rivers corresponded to 93% of the total APP in the BHRI, which demonstrates the importance of correctly mapping this APP type. The scale of analysis in this study allowed the identification of first order rivers, which is essential for restoration studies due to their high density. These rivers are the most susceptible to human activity and may disappear in sites with a high erosion rate [9, 40] . The regional-scale studies, as well as some official database of water resources available in Brazil, underestimate first-order rivers and may underestimate the area to be restored for environmental suitability [39, 41] . Drainage networks obtained by remote sensing, however, do not replace field observations, especially for determining the location of springs and defining the width of first order rivers. On the other hand, a recent study observed that, in São Paulo state, the total length of self-reported rivers in CAR was less than half of that estimated by geoprocessing on a regional scale [41] . This finding indicates an inefficiency of CAR in producing an accurate environmental diagnosis and highlights the importance of using high-resolution images by monitoring agencies and for studying watershed management.
Considering the high potential for deficit offsetting in the entire Amazon biome and the low incentive for forest recovery [42] , landowners are increasingly discouraged from investing in restoration. The first measure to ensure the maintenance of natural resources is protecting preserved areas. Next is vegetation restoration, especially in critical, fragmented areas, which are necessary for the formation of ecological corridors [43, 44] . Thus, it is necessary to implement more mechanisms and incentives to avoid the conversion of new areas and promote the restoration of priority areas. Examples of incentives are payments for environmental services, reduced bank rates, more access for obtaining credit, technical support for implementing productive plantations that generate income for producers, and availability of native species seeds and seedlings.
Further Analysis
Future analysis should be performed to understand the role of different actors in the distribution of forests and deficit in RL and APPs, through characterizing these areas by rural property size. Understanding these roles is key to help with designing large-scale restoration strategies for each group, since the application of legislation and public policy is different for small and large properties. In addition, for more efficient landscape restoration planning, it is necessary to identify priority areas in the watershed, based on pre-determined indicators, such as the fragmentation level, important areas for biodiversity conservation, and connectivity between fragments, and to include indicators of soil conservation and water resources.
Conclusions
Brazil has one of the most complex and advanced sets of laws and environmental policies. Our results are relevant to assist in implementing the Native Vegetation Protection Law and to guide policies to expanding the scale of forest restoration and deforestation compensation in the Amazon. In this study, we have shown that there is large potential for RL compensation that can supply part of the forest deficit in the BHRI. This compensation can occur within the watershed boundaries, avoiding greater impacts of deforestation on the water regime of regional rivers and avoiding compensation between very different ecological areas, thus reducing biodiversity loss. Compensation mechanisms can be used to avoid further deforestation if there are more incentives to protect forests that can still be deforested.
Likewise, with the CFB revision, there was a reduction in the total APP and the area of APPs that should be restored. This change may impact the river dynamics, flow regimes, water quality, maintenance of ecological flows, and soil protection against erosion, since sensitive areas around water bodies and hilltops are considered consolidated or became deforestable. As APPs around rivers correspond to most APPs, the inclusion of first order rivers is key in CAR self-declarations. More incentives and measures are needed to encourage land owners to replant forests, such as mechanisms of payment for environmental services, reduced bank rates, more access to credit, and technical support. Funding: This research received no external funding.
